μ g ml -1 of ampicillin for 5 hours in a tube, we cultured the survival cells on fresh LB agar plates. Alongside colonies that were visible after one day, more colonies (an increase of approximately 25%) gradually emerged over subsequent days (Fig. 1c) . These results reveal that drug tolerant cells are highly heterogeneous in their ability to recover from the dormant state.
μ g ml -1 of ampicillin for 5 hours in a tube, we cultured the survival cells on fresh LB agar plates. Alongside colonies that were visible after one day, more colonies (an increase of approximately 25%) gradually emerged over subsequent days (Fig. 1c) . These results reveal that drug tolerant cells are highly heterogeneous in their ability to recover from the dormant state.
Based on these observations, we postulate that the degree to which drug tolerant cells are dormant can be measured by a parameter we term 'dormancy depth'. Cells trapped in a dormant state are protected from antibiotic killing, but after removal of antibiotic the trapped cells are able to escape from their dormant state and re-enter the active cell cycle at a rate determined by the dormancy depth. We further hypothesize that bacterial dormancy is not a single homogeneous state but displays a dormancy depth continuum. Persister-FR cells are trapped at a shallow dormancy depth and it is therefore easy for them to escape and resume growth (Fig. 1b) ; VBNC cells, residing at deep dormancy depths, have too large a barrier to overcome in order to escape, and thus cannot initiate resuscitation (Fig. 1b) ; persister-SR cells are in an intermediate state between these two extremes.
The dormancy depth appears conceptually similar to 'quiescence depth' in eukaryotic cells, which can be induced by serum starvation 11, 12 . To probe this similarity, we tested whether bacterial dormancy depth can be modulated by culturing a bacterial sample for longer in stationary phase at 37°C. As seen in Fig. 1d , the number of dormant cells, defined as cells non-proliferating for at least 6 hours in fresh medium when observed under a microscope, increases along with inoculation time under stationary phase, indicating that longer inoculation drives more bacterial cells into deeper dormancy depth. We also performed antibiotic killing and persister counting in parallel, for bacterial populations cultured for different inoculation times.
In contrast to the dormant cell ratio, the persister cell ratio initially increases steadily, peaks after 24 hours of inoculation, before decreasing gradually indicating that more dormant cells become VBNC cells (Fig. 1e , Extended Data Fig. 1 2e ). In contrast, when heat shock temperature is below 48°C, the persister ratio of the population increased with temperature, but above this temperature the persister ratio decreased gradually (Fig. 2f) , again suggesting that survival cells with deeper dormancy depth are more difficult to resuscitate. These results reinforce our dormancy depth model and suggest that cellular protein aggregation is sufficient to induce cell dormancy.
So far we have established that protein aggregation is a strong indicator of bacterial cell dormancy depth but have not examined how a cell escapes from the dormant state and resuscitates. We observed that the dark foci vanish before dormant cells re-enter the growth cycle, but persist in VBNC cells (Fig. 1a) . This phenomenon suggests that protein disaggregation is a critical step for cells to escape dormancy depth and initiate resuscitation, a process analogous to restoration of proteostasis immediately prior to fertilization in Caenorhabditis elegans oocytes 19 . In E. coli, DnaK and ClpB, are responsible for dissolving protein aggregates, with DnaK binding directly to the aggregate and recruiting the disaggregase ClpB 20, 21 . In the absence of DnaK, ClpB has been shown to have very low disaggregation activity; but after directly binding with DnaK, the DnaK-ClpB complex shows high efficiency of disaggregation 22 . We therefore propose that the DnaK-ClpB bichaperone system also plays a key role in dissolving protein aggregates to facilitate the regrowth of dormant cells.
To test this hypothesis, we constructed a dual-labelled strain, where Lon was 
where the resuscitation rate is extremely low (Fig. 4d) . These results indicate that dormant cells with deficient disaggregation apparatus, regardless of shallow or deep dormancy depth, struggle to escape the dormancy trap. This deficient apparatus assists the cells in circumventing the disruptive effect of antibiotics, but also prevents them from resuscitation.
Previous studies have shown that protein disaggregation by DnaK is an ATP-dependent process 20, 21 . We constructed two ATPase activity dysfunctional point mutants, T199A and R261C. Neither mutant was able to form foci either after heat shock or in late stationary phase (Fig. 4b) , although protein aggregates indicated by dark foci were quite visible. Compared with the wild type strain, the dormant cell rate of T199A and R261C increased substantially (Fig. 4c ), but the resuscitation rate after removal of antibiotic decreased dramatically (Fig. 4d) . These results indicate that DnaK with impaired ATPase activity is dysfunctional in protein disaggregation.
We've established that heat shock could increase dormant cell rate through intensified protein aggregation (Fig. 2d and 2e ), which increases cell survival rates and potentially elevates persister rates after antibiotic treatment. As expected, in the wild type strain, persister rate is substantially increased after heat shock but in DnaK dysfunctional strains, T199A and R261C, persister rate is considerably decreased.
These results suggest that intensified protein aggregates deepen dormancy depth, To tackle bacterial antibiotic tolerance, the generally accepted approach is to wake dormant cells in order to increase antibiotic efficiency 26 . 
Bacterial strains and culture conditions
Wild type E. coli strains MG1655 and BW25113 were purchased from Yale Genetic Stock Center. The Δ clpB knockout strain was taken from the Keio Collection 27 . Other strains used in this study were constructed in our lab as follows (Extended Data Fig. 2 Unless otherwise stated, all strains were cultured in LB broth.
Fluorescence microscopy
Time-lapse fluorescent imaging was performed on an inverted microscope (Zeiss Observer.Z1) 30 . Illumination was provided by different solid state lasers (Coherent), 405nm for TagBFP, 488nm for FlAsH and EGFP, and 561nm for propidium iodide (PI), respectively. The fluorescent signal of cells was collected with an EMCCD camera (Photometrics Evolve 512).
Appropriate filter sets were selected for each fluorophore according to its spectrum.
For FlAsH staining 31 To record the antibiotic killing and bacteria resuscitation under a microscope, bacterial cells were exposed to 150 μ g/ml Ampicillin in 90%M9 + 10%LB medium for 5 hours at 37°C and then fresh growth medium 90%M9 + 10%LB was flushed in. The growth medium was refreshed every 12 hours, allowing cells to recover sufficiently.
Image analysis and statistics.
For the time-lapse fluorescent imaging experiment, the fate of different bacterial cells after treatment with antibiotic was identified. Subsequently, by tracing the pattern and intensity of their fluorescent signal during and after antibiotic treatment we determined the relationship between these characteristics and the cell fate.
Image analysis was performed using ImageJ software (Fiji). Outlines of cells were identified from brightfield images. Pixel intensity of all pixels within a cell were measured from the fluorescent channel after subtraction of the background and auto-fluorescence. From the resulting histogram, peaks in pixel intensity, f, that were above the mean fluorescent intensity of the cell, a, were identified. We defined candidate foci pixels as those which had fluorescent intensity, f>2a.
Foci were identified as regions in the cell where more than 4 pixels above this threshold were adjacent to each other.
Dormant cell ratio and persister/survival ratio determination
LB cultured cells taken from the indicated time points were collected, washed three times with M9 minimal medium and placed on a fresh gel-pad in FCS2 system as described above. To record bacteria resuscitation under a microscope, we followed the procedure described above.
For dormant cell ratio analysis, the samples were spotted on a gel-pad after PI dye staining to 
Antibiotic treatment and persister counting assay
Bacterial cultures were diluted by 1:20 into fresh LB containing 150 μ g/mL ampicillin and incubated in a shaker (200rpm) for 5 hours at 37°C. Samples were then removed and appropriately diluted in PBS buffer, and spotted on LB agar plates for overnight culturing at 37°C. Colony formation unit (CFU) counting was performed the next day. Extended CFU counting was performed daily for 5 days. CFU experiments were performed in triplicate.
Heatshock experiment
For the persister counting assay after heat shock treatment, the 16 hour overnight culture was transferred to 1.5 mL tubes and incubated on a dry bath at different temperatures (42°C to 52°C) for 60 min. After heat shock treatment, samples were grown on an LB agarose gel-pad under the microscope for the dormant ratio assay and were diluted by 1:20 into fresh LB with 150 μ g/mL ampicillin for persister counting assay.
Super-resolution fluorescence microscopy and data analysis
Sample preparation, image processing and data analysis was modified from Bates 33, 34 . Strain T-7279, 1:1000 in PBS) were added to the sample before the chamber was sealed with nail polish.
Cells were imaged using TIRF illumination mode on a custom-built STORM imaging platform based on an Olympus 83 microscope. Three sets of data for each field of view were collected: brightfield, conventional fluorescence (488nm Excitation,5Hz) and super-resolution fluorescence (561nm Excitation). For both brightfield and conventional fluorescence, 10 frames were collected and the images averaged. Super-resolution images were acquired at a frame rate of 60 Hz and the 405 nm laser power was increased to compensate for photo-bleaching of the mMaple3 molecules. Imaging was performed until all the molecules were completely bleached.
STORM data was analyzed following the protocol previously described by Bates in 2007 33 .
Insoluble protein isolation and SDS-PAGE
The method for insoluble protein isolation from bacterial cells was modified from Tomoyasu 35 . Aliquots of bacterial cultures with the same optical density (2 ml of culture of OD 600 =1) were rapidly cooled on ice to 0°C, Cultures were then centrifuged at 5000 g (4°C) for 10 min to harvest the cells. Pellets were suspended in 40 μ l buffer A (10mM potassium phosphate buffer, pH 6.5, 1 mM EDTA, 20% (w/v) sucrose, 1 mg/ml lysozyme) and incubated for 30 min on ice. Cell lysate was combined with 360 μ l of buffer B (10mM potassium phosphate buffer, pH 6.5, 1 mM EDTA) and sonication while cooling. The pellet fractions were re-suspended in 400 μ l of buffer C (buffer B with 2% NP40) to dissolve membrane proteins, and the aggregated proteins were isolated by centrifugation 15 000 g, 30 min, 4°C. NP40-insoluble pellets were washed twice with 400 μ l of buffer B, re-suspended in 50 μ l of buffer B by brief sonication.
Gel electrophoresis of the aggregated protein was carried out according to published protocols 36 using 12% SDS ± PAGE and staining with Coomassie brilliant blue.
Mass spectrometry and data analysis
For protein identification, the Coomassie-stained total aggregated proteins of each sample were cut out of the gel and destained with a solution of 100 mM ammonium bicarbonate in 50%
acetonitrile. After dithiothreitol reduction and iodoacetamide alkylation, the proteins were digested with porcine trypsin (Sequencing grade modified; Promega, Madison, WI) overnight at 37 °C 37 . The resulting tryptic peptides were extracted from the gel pieces with 80% acetonitrile, 0.1% formic acid (FA). The samples were dried in a vacuum centrifuge concentrator at 30 °C and resuspended in 10 μ l 0.1%FA.
Using an Easy-nLC 1200 system, 5 μ l of sample was loaded at a speed of 0.3 μ l/min in 0.1%
FA onto a trap column (C 18 , Acclaim PepMap TM 100 75μm x 2cm nanoViper Thermo) and eluted across a fritless analytical resolving column (C 18 , Acclaim PepMap TM 75 μ m x15cm nanoViper
